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ABSTRACT: Today's needs of urban transportation including roads, railways, aiipo:rts and hubours demand significant resources for
infrastru~ development in view of rapid and efficient public and commen:ial (freight) services. In most cases, audlorities have had
difficulties in meeting these service demands dw: to the 13pidly growing public, industrial, mining and agricultural sectors in many
pa1U of 1he world. In order to maximise efficiency and to reduce 1he costs of maintenance, sound tecllnical knowledge is required.
This general report presents major technical advancements around the globe encompassing 33 articles from 19 countries and it is
classified into 6 key categories, namely: compaction and subgrade improvement, laboratory testing, theoretical advancements and
contributions to design, applications ofgeosynthetics, numerical modelling and field performance evaluation.

KEYWORDS: urban tnmsportation, compaction, design, geosyuthetics.

R.Esl.JME: De nos jours, les besoins en transports U1beins (routes, chemins de fer, aeroports aeriens et maritimes) nE<:essitent
d'importantes ressoun:es pour le d6veloppement des inftastructures en vue d'usurer des services commerciaux rapides et efficaces.
Dans Ia plupart des cas, en raison de 1a croissance rapide des secteurs public, ind:ustriel, minier et agricole, les autorites se trouvent
confrontees a des difficultes pour atteindre les services escomptCs. Un savoir technique est alors nccessaire en vue de maximiser
l'efficacite et de r6duire le co1lt d'eat:tetien. Le present rapport genera!. expose les avancees techniques majeures a travers le monde
synthetisant 33 articles emanant de 19 pays ; six 1h~mes cles sont classes : compactage et amelioration des assises, c::xp6ri.men1ation en
laboratoire, d6veloppemcnts thCoriques et contributions au dimensionnement, applications des geosynthetiques, mod6lisations
numeriques et evaluation des performances sur Ie terrain.
Mots cles : Transports urbains, compactage, dimensionnement, geosynthctiques.

INTR.ODUCITON
Modes of transportation including road&, railways, airports and
ha!bours demand 1he most essential infrastructure in
industrialised countries. While almost 90% of the population
depends on public transport every day in many developing
nations, in lm:ge developed countries such as Australia, the
mining and agricultural sectors almost entirely depend on the
efficient road& and rail services. Geotechnical aspects of
infrastructure design and construction play an important role
and face key challenges in optimising the performance of road
pavements, rail tracks, nmways and pom, as well as their
maintenance throughout their operstional life cycle.
Maximising efficiency wilh acceptable longevity and ensuring
the minimum cost of maintenance requires sound technical
knowhow, implementation of new and appropriate technologies
and effective administration of strategic public policies and
investments. In essence, lhe key phases of transport geotechnics
can be primarily categorised to general soil and rock mechanics
applications in design, development of lheoretical concepts and
analysis, construction innovations, challenges and in-situ
quality control, ground improvement schemes including
compaction and problematic soil remediation, field performance
monitoring and data interpretation, laboratory techniques and
physical modelling. numerical simulation for design and
performance verification, constitutive modelling of pavement
materials, conventioD.al in-situ testing and non-destructive
techniques for foundations, risk assessment and failure
prediction, amoD8 other topics.

TC202 (Transportation) of ISSMGE fosters lhe relevam
challenges through an active cohort of international
membership, and through an array of meetings, workshops and
conferences disseminates the new ideas, tecllnical concepts and
innovative technologies to the worldwide geotechnical
community. The 181h ICSMGE (Paris) has attracted about 33
articles trom 19 countries in the area of Tnmsportrtion. These
papers cover 1he entire domain of transportation, but for the
purpose of this General Report, lhey can be predominantly
classified under the following 6 categories:
a) Compaction and subgrade improvement
b) Laboratory testing
c) Theoretical advancements and contn'butions to design
d) Applications of geosynlhetics
e) Numerical modelling
f) Field performance evaluation
2 COMPAcriON AND SUBGRADE IMPROVEMENT FOR
TRANSPORT IN'FRASTRUCTURE
There are 5 articles included in this section. Two papers discuss
the salient aspects related to the application of novel techniques
in field compection (Adam et a1. 2013, Kno et at. 2013) while
one article focuses on the site evaluation of the compaction
quality using an BimY of diffi:n:nt instruments {Conde et at
2013). Useful practical information related to the application of
ground improvement melhods in a brown coal landfill site
(Kirstein et at. 2013) an.d laboratory chal:acterization of cemmrt
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aggregates (Fonseca et al. 2013) applied to transport
infrastructure are also presented and discussed
Adam et al. (2013) introduced a finite element modeling
framework for analyzing the performance and efficiency of an
impact compactor in relation to the surface velocity, weight of
impact compactor and number of passes. Field observations
indicate that the impact compactor is suitable for treating a wide
variety of loose soils and fills, but the effective treatment depth
is dictated by the grain size, typically ranging from 4.5m to 1Om
depth. Experience of two case studies suggests that Dynamic
Probing Tests (Figure 1) are adequate for evaluating the
efficiency of compaction.

Figure 3. Representation of the predicted total settlements obtained with
Plaxis (Source Fig 10, Kirstein et al. 2013).

dl!lll ..

Figure 1. Test dike and correspondent dynamic probing test results.
(Source: Fig 8, Adam et al. 2013).

Kuo et al. (2013) have described the effectiveness of Rolling
Dynamic Compaction (RDC) by the combination of field
studies with numerical modeling (Figure 2). At the ground
surface, there are noticeable large deformations, and ROC
proves to be most effective between the depths of O.Sm and
3.0m. The preliminary parametric study showed that most
significant factors were soil cohesion, Poisson's ratio and shear
modulus, as well as the width and mass of the RDC module.
An interesting study on the feasibility of a stiffuess-based
specification for embankment soil compaction quality control is
discussed by Conde et al. (2013). An array of instruments are
adopted for compaction control, which measures soil stiffuess
and then discussed on the basis of an earth dam construction.
Among the different equipment used, the DCP (dynamic cone
penetrometer) equipment showed greater promise as a
compaction control tool, partly attributed to the strong negative
correlation with water content values.

Fonseca et al. (2013) presented some intriguing results
obtained through laboratory studies performed on compacted
mixtures of cement and limestone aggregates. The results
indicated that the differences observed in dynamic and static
stiffuess properties and shear strength parameters were directly
associated with the variation of porosity/cement ratio. As
expected. a higher stiffuess and strength were obtained by
increasing the cement content and the degree of compaction.
While a hardening soil model could be employed to adequately
describe the observed stress-strain behaviour, the volumetric
predictions and the post-peak strain softening response could
not be reproduced satisfactorily.
3 LABORATORY TESTING
This section includes 6 articles. Two papers demonstrate the
results of California Bearing Ratio (CBR) tests performed on
the subbase (Ishikawa et al. 2013) and the subgrade (Moayed et
al. 2013). Some studies focus on cyclic loading tests on ballast
(Kumara and Hayano 2013) and subgrade (Mohanty and
Chandra 2013), while the others investigate the overall
performance of railway track (Calon et al. 2013, Hayano et al.
2013).
Ishikawa et al. (2013) examined the effects of freeze-thaw
and water content on the deformation-strength properties of
granular base materials. Two types of tests are conducted on
these materials under various water contents. One test is based
on the newly developed CBR equipment (Figure 4), and the
other using medium-size triaxial apparatus. The freeze-thaw of
granular base showed a strong influence on the fatigue life of
pavement structures. When number of freeze-thaw process
cycles increased, CBR values decreased regardless of the water
content. Resilient modulus showed a decreasing tendency with
the increasing water content.
rr===== Wat..roupply
/dninoJ!8

Kirstein et al. (2013) have described the application of a
combination of ground improvement techniques to stabilize a
recently placed brown coal landfill embankment for supporting
a new road. Owing to significant stability problems and the
small settlement tolerance of the structure (15 m deep),
"floating" stone columns were also installed. The design and the
associated settlements were significantly influenced by the
combination of different soil improvement techniques. The
settlement predictions were obtained using a fmite element
model (Figure 3) and successfully verified against the results of
pressuremeter tests.

Ponlua metal
witb. filter paper

Buoooalinjrplate

Figure 4. Freeze-thawing CBR test apparatus. (Source: Fig 1, Ishikawa
et al. 2013).
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Calon et al. (2013) have studied the potential benefits from
the grouml reiiiforcement by vertical soil-cement colUIDDS.
Laboratory tests are performed to study the influeiWe of the
colwnn location and the efficiency of geosyntlu:tics on the
reduction of stiff zones effects. These tests together with
subsequent numerical modelling determiDtd the optimum
column layout (depth, spacillg and positioning) and the effects
of geosyDihetics on the reduction of ballast damage.
Hayano et al. (2013) analysed the influence of ballast
thickness and tie-tamper repair on the settlement of tracks by
conductillg a series of cyclic loading tests. Figure 5 shows the
shear stnrin distribution generated before the tie-tamper
implementation. This shear strain distribution is obtained using
the method of particle image velocimetry. They found that 1he
250 mm ballast thickness currently adopted as the staDdud
design is ineffective for minimizing settlement that occurs when
the nonlinearity of roadbed compressibility is relatively
moderate. Moreover, characteristics of the initial settlement
process are altered significantly after the tie-tamper
implementation, although the degree of gradual subsidence
umlergoes minimal change regardless of ballast thickness and
roadbed type.

4 THEORETICAL ADVANCEMENTS AND
CONfRIBUTIONS TO DESIGN

A total of 7 articles are categorized in the area of theoretical
advancements and COIII:ributions to design. There are 6 papers
investigating the behavior of road embankments {Simic 2013,
Ohta et al. 2013, Shin et al. 2013, Vogt et at. 2013, Eelrelen. and
Bezuijen 2013, Brown and Thom 2013), while one article
reports the devel.opment of a non-linear ballasted track model
using the finite element technique {Fernandes et al. 2013).
Brown and Thom (2013) proposed a Precision Unbound
Materials Analyser (simplified version of the repeated load
triaxial test) to quantify both resilient and plastic strain
charlwteristi.cs (Figure 6). Unl.ib CBR testillg, this technique
can be very useful in allowing the designer to evaluate
alternative foundation material combinations in order to achieve
the desked bearing capacity.
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Figllre 5.
before tietamper implementation. (Source: Fig 5, Ha.yano et al.. 2013).

Mohanty and Chandra (2013) have reported a series of cyclic
load triaxial tests on reconstituted pond ash specimens at
different moisture content and stress levels simulating
envlronm.ental and traffic conditions. They concluded that both
traffic and environmental conditions play an important role in
the pelliUUlent axial st:ram behavior of the mater:iiJl.
Furthermore, within the design context, they also highlighted
the existence of a shakedown limit describing a critical stress
level between. stable and unstable conditions.
A series of CBR tests was conducted by Moayed et al.
(2013) to investigate effects of lime-microsilica additive as a
modem additive stabilizer on a silty soil to use it as a subgrade.
They also evaluated the effects of the wetting-dtying cycles.
The CBR values were found to increase significantly as the soil
was stabilized with lime-microsilica additive. An increase in the
CBR values of the stabilized soil awing to wetting-chying
cycles was also observed. Results showed that lime-microsilica
additive can successfully be considered as a suitable option to
stabilize silty soils.
K.umara and Hayano (2013) presented a series of cyclic
loading models to investigate the effects of sand intrusion into
ballast (i.e. fouling) and tie-tamping application on settlements
of ballasted mil track. They fouml that the initial settlement
process and the 1llte of residual settlement increases when the
ballast is mixed with more than 300/o fine materials. Therefore,
tie-tamping application was found effective for fouled ballast
with less than 30% fines.

Figure 6. The Precision Unbound Material Analyser (PUMA) (Source:
Fig I, Brown and Thom 2013).

Simic (2013) adopted the average suction compression index
of the plate loadmg tests and the routine soil parameters to carry

out a comparison between the methods of estimating swelling.
It is found that the potential vertical rise method is overly
dependent on the active moisture depth, which should be
adopted in 1he design based on the local experience.
Ohta et aL (2013) proposed the structure of seismic retrofit
technique for asphalt concrete pavements using the ConfinedRcinforced Earth (CRE) principle. Construction method and the
results of full scale in-situ tests are well-described where the
crushed stones and the associated design procedures are clearly
introduced. Full-scale in-situ tests show the acceptable
perfonnam:e of CRE after the forced settlement to simulate
severe earthquake-induced damage.
Shin et al. (2013) determined the frost penetration depth of
paved road using field measurements. They found that the
subbase and base courses were influenced by tiw temperature
below o·c regardless of the anti-frost layer. The frost
penetration depth, estimated by the empirical equation proposed
by Korea Institute of Construction Technology, shows a similar
trend at lower frost index. This design concept is proposed for
road design as an acceptable and reasonable approach.
Vogt et al. {2013) presented project-specific conditions
during the dumping process, and the properties of the dumped
soils along the future A-44 route. A simple model for the
description of the time-dependent deformation of the dump and
the effectiveness of soil compaction methods is discussed and
evaluated. The simulation results and geodetic measurements
reveal that by allowing a rest period of at least 6 months
between the end of the dumping process and the start of the
construction work. the settlements of structures and/or
pavements can be reduced significantly.
Eekelen and Bezuijen (2013) compared three equilibrium
models describing the phenomenon of arching in basal
geosyn1hetically reinforced (GR) piled embankments, namely
the models of Hewlett and Randolph (1988), Zaeslre (2001) and
the model of concentric arches by Van Eekelen {2013b). The
load dislnbutions predicted by Hewlett and Randolph (1988)
and Zaeske (2001) show a uniform load distribution on the GR
between the piles. The concentric arches model provides a load
concentration on 1he GR strips, with an inwrse triangular load
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distn"buti.on on those GR strips. This is in agreement with the
observations in scaled-down model tests, numerical analysis and
field measurements.
Femandes et al. (2013) carried out a 2D finite element model
with a modified width (plane stram.) where viscous boundaries
are implemented using a Kelvin-Voigt viseoel.astic mechanical
model to reduce the wave retlexion on the boundaries. The
importaru:e of initial state evolution of track materials on the
context of non-linear mechanical behaviour is c:liscussed to
assure the correct combination of laboratory tests based on the
current track conditions, especially for ballast (Figure 7).

lateral stress within the aggregate. The results demonstrate that
the inclusion of geogrid at the interface of soft subgrade and
aggregate layers affects the development of the "locked-in"
horizontal stress upon loading. A higher horizontal stress within
dw sttabilized aggregate layer gives a direct indication of the
lateral restraint mechanism. The result of increased aggregate
stresses leads to an increase in the resilient modulus of
aggregate adjacent to the geogrid.
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Figure 7. Finite element mesh discretisation of the railway structuJe
(Source: Fig 3, Fernandes et Ill. 2013).

S APPLICATIONS OF GEOSYNTIIETICS
In this section, 4 articles are described The majority of articles
discuss general issues of gflOSYD.Ihetic reinforcement (Indraratna
et al. 2013, Wayne et al. 2013, Hucker~: et al. 2013), while other
article examines the stiffness of the soil-geosynthetic
intereaction under small displacement conditions (Zonberg et al.
2013).
Huckert et al. (2013) presented full-scale experiments to
study load transfers of geosynthetics-reinforced embankments
prone to sinkholes which are related to the complexity of
various mechanisms. Nmnerical model coupling both finite and
discrete element medwds were performed and the results
compared wi1h the experimental data. These simulations
provide a better understanding of load transfen1 towards the
edges of the cavity.
Wayne et al. (2013) preseoted results of two field studies and
model tests to evaluate performance of a geogrid-stabilized
unpaved aggregate base overlaying relatively weak and nonuniform subgrade soils. Piezoelectric earth pressure cells (EPC)
were used to measure horizontal stress below lll!d above the
geogrid location versus the passage of constiUction and 11uck
traffic. The variation of dynamic horizontal stresses within the
subgrade against the passage of truck traffic is presented in
Figure 8. This result indicated an enhanced fully confined zone
above the geogrid, resulting in an uniform vertical stress across
the subgrade that leads to reduced lateral stresses.

..._
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..- .

.
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Figure 9. Horizontlll stre111 within 1ho baso laYCIT a.fter roller compiWtion
and leltvehicle paa11e8 (Source: Fig 4, Wayne eta!. 2013).

Indraratna et al. (2013) presented the results of full-scale
field tests conducted on rail track sections in the towns of Bulli
and Singleton (NSW, Australia) to measure track deformations
associated with cyclic stresses and impact loads. The vertical
and horizontal stresses induced in the track bed were recorded
by pressure cells. Vertical deformations of the track were
measured by settlement pegll, and lateral defmmations were
measured by electronic displacement transducers. The
settlement pegs and displacement transducers were installed at
the
sleeper-ballast
and ballast-subballast interfaces,
respectively, as shown in Figure 10.

~

F p I 0. Installation of settlement pegs and displac:cment l:r1lllsducen
at Bulli site (Source: Fig 3, Indrara1na. eta!. 2013).
The average lateral deformations of ballast at various
number of load cycles (N) are illustrated in Figure 11. It is
shown that the geocomposite decreased the lateral deformation
of fresh ballast by about 49% and that of recycled ballast by
11%. The capacity of the ballast to distribute loads was
improved by the placement of the geocomposite, which
substantially reduced settlement under high repeated loading.
Indnratna et al. also discuss the results of large scale dropweight impact testing equipment to evaluate the effect of using
shock mats in mitigating ballast breakage. The ballast breakage
was measured using the ballast breakage index (BBI) as shown
in Table 1. Installing layers of synthetic materials swili geogrids
and rubber pads (shock mats) in rail tracks was found to
significantly reduce ballast degradation.
Table 1. Ballast breakage under impact loading (Source: Table 1,
Indramtna et al. 2013)

0~~~~~-~
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Figure 8. Horizontal st:resa within the subgrade layer after roller
compaction and lelt vehicle p8811es (Source: Fig 3, Wayne et aL 2013).

Figure 9 presents the horizontal stress in the base layer after
roller compaction and trafficking. It is clearly seen that the
geogrid confines dw unbound aggregate leading to an increased
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Figure 11. In-situ response of fhc ballast layer: lateral defonnations
(Soun;o: Fig 4, Inclmratna et a1. 2013).

Zomberg et al. (2013) introduced a mathematical model to
investigate the soil-geosyntheti.c intemct:ion behavior under
small displacements. A new parameter, defined 118 'Stiffness of
Soil-Geosynthetic Interaction' ~r) is proposed to evaluate
soil-geosynthetic interaction. This parameter is capable of
quantifying the performance of geosynthetic reinforcement
under small displacement conditions. Ksm was proposed on the
assumption of a linear relationship between unit tension and
strain in geosynthetic reinforcement and uniform soilgeosynthetic interface shear over the active length of the
geosynthetic. Zomberg et al. (2013) conducted several
geosynthetic pullout tests of biaxial geosynthetic with
dimensions of 300 x 600 mm in clean poorly graded sand to
validate the proposed model. Figw:e 12 shows a good agreement
between the experimental data and the results obtained with the
proposed model.

Figure 13. Geom.etty of fhc fiDite element model (Source: Fig.lc,
Cm:vajalaDd RDmaDa 2013).

Islam et al. (2013) i!Mstigated the long-term perform.ance of
the instrumented preloaded Nerang-Broadbeach Roadway
(NBR) embankment founded on a soft sensitive estuarine clay.
Fully coupled nonlinear Finite mement Analyses (FEA) wen:
earned out adopting an elasto-viBcoplastic {EVP) and an elastoplastic Modified Cam Clay (MCC) constitutive model. It wu
concluded that the MCC model under-predicted the ultimate
settlement whereas the cn::ep-based EVP model captun:d
settlement quite well. albeit over-predicting the pore pressure
response (Figure 14).
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Figure 14. Comparison of meaau:red and predicted scttlemenbl a11.d pore
water pi'CIIIIInli (Source: Figa. 4 and S, Islam et al. 2013).
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Figure 12. Resul11 for the pullout test for LVDTs 2, 3, 8Dd 4 in ~-u)
space (Source: Fig 7, Zombcrg et a1. 2013).

6 NUMERICAL MODELLJNG

Mansikkamaki and Lansivaara (2013) introdw:ed a 2D and
3D FEM analysis to evaluate the embankment stability ofslopes
reinforced with a wooden pile structure and a sheet pile walL
Wooden piles and sheet pile walls can be used to improve
embankment stability if the supporting forces are reasonable.
FEM can provide valuable additional information to evaluate
how sensitive the stiuctural forces can be for the soil strength
variation and also to determine what would be the real nature of
the failure. Figure IS shows the failure surfaces observed with
and without reinforcement

1.1 Finite element modelling (FEM)
There arcS articles descn"bed in this section. The majority of the
papers discusses Finite Element Modelling (FEM) on the
stability analysis of soft clay subgmde and embankm.cntB

(Carvajal and Romans 2013, Mansikksmaki and Lansivaara
2013, Islam et al. 2013 and Chiricaet al20l3), while one paper
examines the application of a stochastic subsoil model on the
deformation of bridge piers considering the soil heterogeneity
(Jacobse etal2013).
Carvajal and Romana (2013) developed a FEM model of a
multilayered system to investigate the influence of soft soil
depth on pavement response during static and cyclic loading
(Figure 13). They concluded that deep ground treatments should
be applied to achieve an allowable capacity of soft soils up to a
depth of6 m to n:duce the maintenance costs.

(a)

(b)

Figure IS. Failure surfacos from fhc safety analys:is. (a) without tho
ninfon:oment (b) with fhc sheet pile wall (Source: Fig 8, Ma:nsikbmllki
and Lansivaara 2013).
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Cbirica et al. {2013) presented the analysis of a road
embankmen.t with variable height located at Iassy (Romania).
The FEM model had taken iDto account various hypotheses: (1)
modeling the soil in natural state. (2) modeling the foundation
in flooded state,. and (3) modelling the foundation soil in a
flooded state and with different imposed consolidation
conditions. They reported that out of all the test hypotheses, the
flooded state exhibited the bighest strain and lowest bearing
capacity.
Jacobse et al. (2013) developed a 3D FEM model to capture
the deformation of new lifting bridge const:r:ucted across the
river Oude Maae in the Rotterdmn Harbour. They applied a
simplified stochastic subsoil model to quantify the risk in order
to deal with the uncertainty. They highlighted 1hat the
distribution of expected rotation is more or tess equal to zero
(Figure 16) and was in agreement with the deterministic
settlement calculations.

cumulative bond breakage (B,), defined as a percentage of
bonds broken compared to the total number of bonds is sho'WD.
at different f and N (Fig. 18). It is observed that Br increases
with the increase in f and N. Most of the bond breakages
oe<:WTed during the initial cycles of loading, causing rapid
pennanent deformation at the start of loading, as this is exactly
what is observed on new ttacks upon the passage of initial
trains.
20r--------------------------,

- ] • l OHz
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f• 30 liz
--·f• 40 1lz
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Figure 18. Effects ofmquency (f) on bond breakage (B.) with number
ofcyclei (N) (after Indrarama et al. 2010).
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Figure 16. Results Monte Carlo analysis pier 40, n:sidual rotations
(SOUI'ail: Fig 4, 1acobse at al. 2013).

1.2 Discrete elemfml modelling (DEM)
The use of Distinct Element Method (DEM) in transport
geotechnies is gaining popularity, but regrettably there is no
significant contribution made in this theme at this Conference.
Tbe:refore, for completeness of this Genetal Report, a succinct
description is provided herewith. Ballast layer is often subjed:ed
to large dynamic stresses (Yang et at. 2009), which contribute to
trade settlement caused by particle breU:age and densification,
leading to fn:quent maintenance (e.g. McDowell and Harireche
2002, Lobe>-Guerrero and Vallejo 2006, Indraratna et al. 2010,
Indraratna et al. 2012).
McDowell and Harireche (2002), and Indraratna et aL (2010)
considered each particle as an agglomerate of sevetal bonded
perticle5. Disintegration of this agglomerate during loading is
considered as breakage (Figure 17). LobD-Guertm> and Vallejo
(2006) simulated particle breakage by replacing the original
particles with an equivalent set of smaller particles, when the
origiDal particle satisfies a predefined tiillure criterion.

Figure 17. Final~ of a typical O.S mm diameter agglomerate
showing intact IX.lntal:t bonds (after McDowell an4 Harin:chc 2002).
Indm.ratna et al. (2010) developed a. OEM (PFciD} model to
capture the influence of frequency on the deformation and
degradation of ballast during cyclic loading. OEM simulations
were performed at frequencies of 10 Hz, 20 Hz, 30 Hz, and 40
Hz and for low values of loading cycles (N < 1000). The

Huang and Tutumluer (2011) assessed the behavior of fouled
ballast using a "half-track" 2D DEM model. They studied the
effects of different percentages of fouling and the corresponding
and locations on track settlement. Recently, Indraratna et al.
(2012) employed a 3D DEM model to study the shear behaviour
of fresh and coal fouled bellut in direct shear testing. Fouled
ballast with void contaminant index (VCI) nmging :from 200Aa to
70% was modeled by injecting a specified nmnber of miniature
spherical particles into the ballast voids. The micro-mechanical
observations obtained dlrough DEM studies imply d!.at fouling
decreases particle breakage due to diminished stress
concentrations or contact forces between ballast grains, but
considerably impedes drainage when the VCI > 40%.

2 FIELD PERFORMANCE EVALUATION
There are 6 papers that have been included in 1his section. Two
papers discuss the results of monitoring of full scale
embenkmems used for ground improvement (Boutonnier et al.
2013, Buggy 2013) while one paper focuses upon the stability
and settlement analysis of the road embankment (Murjanto et al.
2013). Effects of moisture, mechanical indices and aspbah
reinforcement on the performance of concrete piMl!l'lleDtS are
presented (Teltayev 2013, Touole and Thcsseling 2013).
Laboratory studies as well as field studies are conducted to
evaluate the performance of shale as fill and embankment
material (Solomon et al. 2013).
Boutonnier et at. (2013) describe the monitoring of six fullscale embankments to measure settlements and the time of
consolidation. They estimate the preconsolidation pressure
using undrained cohesion Cu and co.nsider the coefficient of
consolidation C.. as ten times the laboratory measured Cv value.
They further co.nclude that the calculated settlements and time
of COI18olidation are in good agreement with the measurements.
Buggy {2013) describes the observational approach used to
control embankment stability primarily by means of monitoring
filling rates, pore pressures and deformation ratio (ratio of
lateral toe displacement to vertical crest settlement).
Embankments up to 10 m height are constructed in multiple
stages with continuous monitoring of performance by means of
piezometers, inclinometers, settlement plates and survey
monuments. A combination of prefabricated vertical drain
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(PVD), geosynthetic basal reinforcement and 2 to 2.5 m of
surcharge is adopted for ground improvement. A typical filling
rate and deformation ratio history for one of the instrumented
locations is shown in Figure 19. Buggy (2013) concludes that
deformation ratios offer a reliable method for controlling
stability of multi-stage embankments when used in conjunction
with pore pressure instrumentation.
------------------------------------~12

'.
'.

J •

Figure 2!. Results of installation damage test (Source: Fig 5, Touole
and Thesseling 2013).
Figure 19. A typical filling rate and deformation ratio history for the
instrumented location at Ch 4+185 m (Source: Fig 2, Buggy 2013).

Murjanto et al. (2013) presented a comprehensive stability
and settlement analysis of the road embankment using a detailed
site investigation. A 7.3 km long embankment with flexible
pavements is built over North Jakarta-soft alluvial deposit. The
pavement level was raised several times in order to compensate
for the settlement. The results of the stability analysis indicated
that the road is relatively in critical condition and some
proposed trial designs were analyzed to fulfill minimum FS by
strengthening of the road embankment using: (i) corrugated
prestressed concrete sheet piles; (ii) corrugated prestressed
concrete sheet piles and horizontal bars; (iii) concrete sheet
piles and ground anchor; and (iv) secant pile walls.
The variation of moisture and mechanical indices on the soil
basement is often neglected while designing concrete
pavements. An interesting study addressing these issues is
reported by Teltayev (2013). He has shown that the sagging,
tensile stress and vertical deformation of the surface of soil
basement are very sensitive to seasonal climate changes. He has
mentioned that design of cement concrete slabs often
incorporate sagging of pavement in spring, however sagging
also increases in summer and autumn seasons and this can be
the cause of various forms of cracks (Figure 20).

Figure 20. Transversal crack in cement concrete pavement (Source: Fig.
8, Teltayev 2013).

In another study by Touole and Thesseling (2013), tensile
strengths of two different asphalt reinforcement products with
different raw materials (polyester and fiberglass) are analysed
considering the influence of installation damage. Results of fullscale tests after loading from truck passes and asphalt
compaction revealed that the polyester grid undergo a loss of
30% of its tensile strength while the fiberglass grid showed a
loss of strength up to about 90%. The fiberglass grid was
damaged significantly more than the polyester grid
reinforcement (Figure 21).

Solomon et al. (2013) described the performance of shale as
fill and embankment material through laboratory studies and
field trials. In order to reduce costs involved in the hauling of
suitable material over longer distances, possible use of shale is
evaluated. Laboratory tests including index properties,
compaction, California Bearing Ratio (CBR) and triaxial tests
are conducted at six different laboratories and the results,
particularly the CBR values indicated that the shale was of
marginal quality for its intended purposes. However, in a field
trial road section constructed using the shale that was monitored
for a period of two months, the results indicated high CBR and
bearing resistance values with insignificant settlement. The field
performance based characteristics of the shale merited its
selection for use.
3 CONCLUSIONS
The Discussion Session TC202 on Transportation of the 18th
ICSMGE consists of 33 papers (135 pages) describing
numerous efforts on experimental research, field monitoring and
data interpretation, design approaches, analytical methods and
numerical modelling in six distinct categories:
a) Compaction and subgrade improvement
b) Laboratory testing
c) Theoretical advancements and contributions to design
d) Applications of geosynthetics
e) Numerical modelling
f) Field performance evaluation
In this General Report, an attempt has been made to offer a
critical review of the majority of papers that have made a
significant contribution in the area of Transportation, and the
salient aspects of all papers have been summarised in the
Annexure (Tables 2-7). Considering the extensive worldwide
efforts put in by practitioners, academics, research associates
and research students (125 contributors from 19 countries),
there is no doubt that this Technical Session has offered one of
the most comprehensive compilations in Transport Geotechnics,
representing its current state-of-the-art. However, it is noted
that only a limited number of evolving techniques have been
presented to any significant extent, and these include load
transfer analyses including probabilistic approaches, seismic
retrofitting, intelligent compaction control, micro-mechanics of
granular media through DEM modeling, analysis of soilgeosynthetic interfaces, stabilization of rail and road sub-base
and sub-ballast using geocells, and other ground improvement
methods addressing problematic subgrade, among others. While
some additional papers are cited in this General Report
especially in DEM modeling of granular media, further details
of evolving techniques in Transport Geotechnics have been
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reported by Coneia et al. (2012), Coll'cia et al. {2007) and
Jndraratna et at. {2011).
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6 ANNEXURE- TABLE 2-7: SUMMARY OF ALL CONTRIBUTIONS IN DISCUSSION SESSION
Table 2. 9mlp!c1ion and aubgnw!e improvement for 1!!!!SpOrt infraatructu:re
Titlt of Paper

Authors

Five yean of Impact Compaction
in
Emope
su.ccessfal
implcmcmation of an imlovative
compactiml technique based on
funda:man1lll. ros~:~~~JX:h and field
experiments

Adam
Paulmichl

Auellaing the Effectiveness of
Rolling Dynamic Compaction

Adam,. C.
FallmcrF.J.

D.,
I.,
and

Kuo Y.L., Jaklla

M.B., Scott
Bradley
Power C.N.,
A.C. and

Co1111try

S'IUilDl8l:Y of Main Contribution

Austtia

The impact compaction methods are more efficient if greater depths of
densification are of mtereft..
Key aspects related to the application of impact compaction such as the
surface velocity, weight and number passea are analyzed both in
1111merical aimulations and field cases attldiea. The rewlta sre compared
and compaction efficiency ia also linked to the type of aoiL

Ausvalia

B.T.,
A.C.,
Crisp
Jiang

RDC is more effi:ctive for dcp!bs bc:tmen 0.8 m to 3.0 m and the most
significant f8ctom govmililg ita efficiency are IIOil coheaion, Poillaon'a
ratio and ahear modulus, as well as 1he widlh and maaa of the RDC

J.H.

Applicability of the Geogauge, PFWD and DCP for compaction
control

module.

Conde M. c.,
Lopea M. G.,
Caldeira L. and

Portugal

Kirstein
Ahner

J.

Uhlemam!.
Uhlic:h p.

The design and the aettlements _, significantly optimized by the
eombillation of different aoil improvemr:nt techniques. perticularly in
eaaea where significant stability proble:ms are expected.

F.,

c.,
s.,
8IId

The aettlemcmts pndictio!IS by Finite element ~ling agreed well the

R6dcrK.

Labonitory characterization and
model calibration of a cememed
aggregate for application in
traD!Iporl8tion intiutruc1urea

The feasibility of a atiflb.eas-be.aed specification for embankment soil
compaction quality control is dill~ru~Sed.
DCP equipment ahowed grester suitability as a compaction control
tool, due to the lllrorlg negative correlation wi1h water eonterrt value!~.

BileScnJ.

Gro1111d improvement methods for
the eons1ruction of the federal road
B 176 on a new elevatx:d dump in
the brown coal region ofMIBRAG

The efficien:cy of rolling dynamic comp8Cti.on (RDC) ia examined by
me1111 of a combination of field studies and numerical modeling

retults obtained with in situ pressurcmeter tests.

Viana da Fonseca

Portugal

A.,

Rioa
S.,
Domingues A.M.,
Silva A. snd
Fortunato B.

The diffcrenCC!& observ«~d in dynmlic and s1a1ic s1iffhess propm:ties and
ahear ll1mlg1h parameter~ of compacted mixturet of cemerrt &ad
limestone aggregate are directly aasoeiated to the variation of
porosity/cement ratio.
H81'denlng lfDil models may be emplo~ to deiiCtt"be the slreu-strain
behavior, but do not provide satisfactory predictions of the volumettic
behavior and post-peak strain eofteniDg.

Table 3. LaboratoryTeating
Title of Paper

AuthOIS

Railway~ platfoi'ID.S reinforced by
aoil-mixing columns without track

Calon N., RDbinet
A., Costa S.,
D' Aguiar
L.,
Cojean, B.C. and
Moster J.P.

removing

Country

Summary of Main Contribution

Inveadga1ed the poteDtial benefits &om the ground
verticalaoil-<:ement columns

re~ement

by

Performed laboratory testa to invealigate the influence of the column
location 8IId the efficiency of geosynthetic:s on the reduction of stiff
ZOD.CI

With subsequent numerical model, they determined the op1imom
colwxml meah
Effects of bellast 1hic:knesa and tictamper Jepair on seulement
characteristica of railw&y ballasted
tracb

Hayano K., Ishii
K. and Muramoto

Effect Bvalua1ion of Freeze-Thaw
on Defoanation-Str:eng1h Properties
of Granular Base Course Ma1eri&l
in P&vement

lehibwa
Zha:ng
Ka.wabata.

Japan

Colltdueted a series of cyclic loading tests on model grounds to
investigate the effects of ballast thickness and tie-Uimpc:r n:pair on the
settlement eharacteristica ofba.llaated tracllll

K.

Maximum shear strain distributiona gc:nerated in the model gn:nmds
were analyzed with particle image velocimetry

Kameyama

T.,
Y.,

Japan

CDR teats of freeze-thawed aubb&se CO\Il1C materiels under various
watm contmlts, and the nsilient modnlus testa in lll!liB1urated. condition
were conducted using two newly developed 1est apparatus

s.,
s.,

The test reaulta were compared with long-term field mc:asurement at a
model pavement sb:uctunJ, including FWD tests

Tokoro T. and
OnoT.
On the Permanent Deformation

Behavior of Rail Road Pond Aah
Subgrade

Mohanty B. and
Chandra S.

Repeated load triaxial1esta were condncted on reconstituted pond ash
speeimell.l

Indi&

Permanent deformation e&lculationa take into a£COIIIrt the stress history
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8IId l1UDiber of paases of vehic:ular traffic !DadingTest resulll were
analyzed to study lhe e:tJec:1l of confining pmssure, devistorie stmsses,
and degn~e of saturation on lhe pm:mmmt dmmmation response of
pond ash

Effcc;t of wcUing- drying cycles on
CBR values of silty subgrade soil of
Karaj railway

Model testa on ee!tlement behe.viour
of be1la8ts subjected to sand
intrusion
ancl tic
tamping
application

CODdocted series of CBR ~Ill to investigate the effcc;t of limomic:rosilica additive a.s a modem additive stabilizer on a silty soil

Moayed
R.Z.,
Lahiji B. P. ancl

l>aBhi8h Y.
Kumara J.

Lime aDd microeilica were mixed with the soil in diffemxt pettCDtages
md spec:imcm were prepared at optimum moisture contcD.t.
and

Model test8 were conducted on 1/Sth scale of the actual aize of railway
track

JapaD.

Hayano K..

The relationahip between 1he number of loading eyelet and settlement
wu obtained and resuha were diiiCUIISed with degree of ballast fouling

Table 4. Theoretical Advancemenbl and Contributi.ODII to Design
Title of Paper
Alrlhors
COUD.try
Evaluation of roadbed poterrtial
induced
by
swelling/shrinkage
of
the
subgrade

SimieD.

Development of a non-linear
ballasted railw&y track model

Femandea V.A,
D'Aguiar S. C.,
and
LopezCaballcroF.

S'lllllD181'Y of Main Contribution
The average suction compression index of the plate load te!ita anclthe
routine toil ~ were adopted to caay out a compll'iaon

damage

between lhc melhocls of estimaUng swelliDg deformation.
The poterrtial vertical rise me1hod is very dependent on the aclive
moillture depth, which should be adopted baaed on the local experience.
A 2D tillite element model with a modified width plane strain
condition ia lllled where villcoua bolllldaiel are implemented wring a
Kelvin·Voigt viscoelastic mechanical model to reduce W&Ve reflexion
on boundaries.

France

The importance of initial state evolution of Ct!u:k materials on 1he
context of ll011·1iDe&r mechanical behavior ia disi:UISed to aasme the
comet combination of 1aboratmy tes1S based on current track

conditiDna, especially ballut.
Seismic Retrofit Teclmiqae for
Aaphah ConcMe PavemeD1a

Ohta IL, Iahigaki.
T. and Tatta N.

Jtpan

The struc1r1re of the seiamic re!zofit u:clmique for uphah concrete
psvemcnts uaillg Confinecl·Re~ed Earth (CRE), conatruetion
method and the results of Nll~~ealc in-situ testa were dcsaibed. where
mJShed. stones ancl new design proccdunls WCIRI introduccld.
Full scale i!Hitu testll show the acceptable performance of CRE after
the forced. settlement to simulate 1hc severe carthquab-induced.
damago.

Inflneu.ce of Ami-freezing on the
Frost Penetration Dep1h for P&ved.
Road Design

The frost penctrldion dep1h of paved. road was determined by lhc field
mca8111.'eD.lcllt. The subbase and base CO'IIl'SCS are influenced by lhe
~below Oo ngardless of anti-frost layer.

Shin B.C., Cho
G.T. and Lee J.S.

The frost pe11etration depth estima1ed by the empirical equation
proposed by KDrea Institute of Construction Technology shows a
similar trend in lower frost indo..
The reasonable design coneept is proposed for road design.
Special Aapeet.a for Building a
Motorwe.y on a 18S m Deep

Vogt N., Heyer D.,
Birle E., Vogt S.,

Dump

Dahmen
D.,
K.ardler
C.,
Vmzclbcq G. and
EidamF.

The paper present~~ the project-specific condition!! during the dumping
procc~s and the properties of 1he dumped 10illll aloll8 1he future A 44
routing.
A simple model for the description of 1he time-depeDdent deformation
of the dump and the effectivenesa of soil compaction methods is
diacuued md ev.tuatccl.

The simulation results aDd geoddic measurements have shown that by
allowing the resting period of at least 6 mcmtha between the end of the
damping process and the start of fhe co.nstruction work. lhe aettlementa
of Bt:uctures or pavC':ID.CD.tll can be reduced aignificantly.
Equilibrium models for archillg in
bual
reinforced
piled
embanlanems

Eekelen SJ.M. and
Bezuijen A.

Netherlands

The paper comparei thn:e equih'brium models describing arehillg in
geosynthetic baa&1 reinforced (OR) piled embankments, namely the

model& of Hewlett and Randolph (1988), Zacakc (2.001) aDd lhc

concentric arches model of Van Eekelen (2013b).
The load diatn"butio121 predicted by Hewlett aDd RJmdolph (1988) and
Zacake (2001) ahow a uniform load distribution on lhe QR between the
piles. The concentric arches model (VUI Eekelen et al. l013b) provides
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a load concent:ation 011 the GR stripe with an inverse triaDgular load
distribution on those GR strips. This is in agrccmcnt with obllervations
in scaled model tests, numerical analysis and field me8IJlliii!IIIie.
Rw:nt developmcms in pavcmcat

Brown S.F.

fouDdatiml. design

Tbom N.H.

md

United Kingdom

A Precision Unbound Mlteri.als Analyzer (simplified version of the
repc:a1ed load triaxial test) has been developed to quantify both resilicat
aDd plastic strain chamctl:ristics.
Unlike CDR ~ting. this tctbDique can be Vflrl uaeful in allowing a
designer 10 evaluate altemati.vc fowldation material combiaatioDS in
order 10 adlievc a desim! foundation.

Table 5. Applli:ations af Geosyuthct:U:s
Tille of Paper
Autbora
Load transfer mcx:hanisms in

Summary of Main Contributi011.

overlying voids:
and
numerical

Huckcrt
A.,
Ganlin P., Villard
P.,
Brim~L.
andAmayG.

Performanoc vcrifi.~on of a
geogrid mechanically atabiliaed
layC!I'

Wayne M, Fraser
L, Rcall B. md
Kwoni.

geotextile-reinforced

embankm.r:nt.s
apcrimental

Full-tcale experimont.s were cxmductcd on non"(:ohosive granular
emban1<mcmt5 to study load tnmsfCinl of geosynthcrtics-reinfo:n:ed
cm'bankmelllll prone to sinkholes.

Numeri<:al model was pe:rt'o:miiCid to provide a better undmtanding of
the IO&d transfers towmds the edges of the cavity

approaches

USA

Series of full-scale field 1c8tll and model tests were cxmclucted to
evaluate performance af a gcogrid- sta~ unpaved aggregate hue
ovarlaying relatively weak md non-unifonn subgrade soils.
The results confilm 1hat the gcogrid promotes improved aggregate
confinement and inleraction, leading to enhanced S1nlctu:ral
pe:tf0l1Dl1Ilce of the unpllVed aggregate base.

Performanoc
Assesamcnt
of
Synthetic Shock Mall! md Grids in
the lmprovcmcmt of Ballasted
Tracb

liidrarama
B.,
Nimbalkar
S.,
Rujikia1kamjom
C., Neville T. and
Christie D.

Aust:alia

Clw8cterization
of
SoilGeoayn1hctic; lidcn.ction under
Small Disp1a<:cmcmts Conditions

Zomberg
J.G.,
Roodi OJL, Gupta
R. and Femira I.

USA

Full-tcalC field tests Well: conducted on raD. U'ack SecUOIIS in the toWII8
of Bulli md Singleton (Awltralia) to measure track deformations
assoc::iatecl with c;yc;lic; stresses and impact loads.
The results indica1cd 1hat the usc of geocomposises u reinforcing
clcmcnu for bal1ut proved to be a feasible md economie&lly attractive
altcmative.
A matb.ematkal model with a new perametcr, defined as "S1iffneu of
Soii-Geosynthctic Interaction., or R:aou was introduc;cd to address soilgeosymhctic intcral;tion behavior under small displacements.
Pull out tests with geosynthetics embedded in poorly graded sand wm:
cxmclucted to evaluate the propoaed model

Table 6. Numerical ModelinB
Title of Pap«<l'

Coun1J:y

Aulbors

Analysis of the intluaice of soft
soil depth on the subgrade
c:apll(lity for fleXJ."ble pavCIID.ents.

Carv«jal E.
R.mnana M.

Long-term
performaD:Ce
prcloaded road cmbazikmcat

lsl.8m
MN.,
Gntmcndnm. C.T.,

of

SIIIIDDIU)' ofMain Conttibution
Presented the anal.ysea of a flexible pavemem llflUctllre founded on soft
soil subgrade, through the FHM of a muhilaym:d system.

md

Deep ground treatmelltll llhould be applied 10 achieve an al!Dwable
capacity of soft soi18 up to mininnrm depth of about 6 m, otherwise
maintcnancc cotrt of pavements might be excessive.

Australia

Sivakumar S.T.,

Jmreitigatcd the long-1erm performance of the ~loaded NerangBroadbcach Roadway (NBR) embmkmcm near the Gold Coast in
Queensland (Australia).
The MCC model under-predicted the ult.imate sectl.ement while the
creep-hued EVP model captured it well but over-predicted the pore
pressure rcspon~C.

KarimM.R.

The modified calculation of the Asaob. method predicted almost
idcutical magnitudes af ultimate settlcmcut as the Hypct:bolic med1od

andFEAs.
Stability improvement methods
fur soft clayB in a railway
cnviromncnt

This paper introduces m evaluation of altemative methods to improve
em.blmk:ment stability with wooden pile lltructw:es or with sheet pile
walls.

Man.sikkamlki I.
and Llllli.vwa T.

Baaed on the 2D and 3D finite clement analysis and to the &Oil behavior
calibrated in the failure test md e:xisting, they higbligbwd that analysed
railw•y embankmcnu arc under poor stability cxmditions.

Probabilistic Settlement Analysis
For The Botlek Lifting Bridge

Iacobec I .A., Nehal
R.S., Rijncveld B.

NctherlsDda
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on a li.fting bridge coiiS!rllcted. acrou the river Oade Maas ill the

Proceedings of the 18111 International Conference on Soil Mechanics and Geotechnical Engineering, Paris 2013

Rotterdam barbour IRQ

Design
Bouwmeeater D.
The

geotechaical

anal.yais

com:sponding to the high mad

D.ragoa
A.C.,
Tenea V. D.

Application of a 1implified stochastic subsoil model captured
q_wmtitative rillk: aaalyaill in order to deal witb.1he uncertainties.
Romania

embankmema close to a b.riclge

Presented a complex case study correrponding to a roed embankments
uptoiOm height plated at Iasy (Romania).
The analysis shows high stnlin and low bearing capacity for soils in
flooded state.

Table 7. Field Perfo!1IIImce Evaluation
Title of Paper

Authors

Colllltry

Summary ofMain Conln"bution

Boutonnic:r
L.,
Hajouai F., Bacar
Fadhuli N. and
Gtmdil.le D.

France

Six embllllkm.cmtll are monitored to measure the settlC!IIllllltll and the

Influence of installation damage
on 1he tensile streDg1h of uphalt
reinforcement prodlllcts

Touole L.S. and
Thesseling B.

Germany

lrlflw:nce of Mechanical Indicet
for Soil BasaDait OD. Stl:cllglh of
Road Structure

TeltayevB.

LGV EST section 41 : measured
and calculated settlements under

embankmenm

tUneofconaolidatio~

Tho pn~consolidation pressure of the soil is estimated from the
Ulldrained c:ohesion C.. and the coefficient of c;onsolidation Cv used in
the design was ten tUnes the Cv measured with laboratory test.
The cffec;tive tensile 81mlg1h of asphalt reinforcement products,
c;onsiclering installation daJnaBe was analysed.

A considcrablt difference in loss of tensile s11'CD.gth, due to the effecu
of installation damage wu obsCJVed.
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Moisture value aDd ita phase content in soil basement of the highway
vazy substaDtially in IIID.Ilal. cycle and KC01'diDg to 1he depth of
buc:m.ent.
The maximum values of sagging, telllile litre& I and vertical defonnation
of cement colll:l'CCc pavCIDICIIt occur in summer and aut1mm scasoll.l.
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The CBR values iadict!Uid variationa between 8% and 12'Y., which are
below 1he contract special specification minirnnm value of 15%. This
wu ~fore conaiden:d as h&ving margiDa1 quality for ita inteDded
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purposes.
Resulm obtained from the field evaluation indica(ed high CBR and
bearing resistance values includiDg insignificant settleme~~t.
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To fulfill stability and aettl.ement analyais, the road at Zolle 1, attd 3
should be lltrellgthened by secant pile walla combined with miaing of
0.7m.
The roed at Zone 2 should be sttengtbened by concrete sheet piles attd
grolllld anchor.
Defmmati.on ratios offer a Rliable method for con1rolling stability of
multi-stage embankments when used in conjUI!.ction with pore pressure
inmumentation. For 1he specific conditiona at Limerick Tunnel, a limit
deformation ratio of 0.6 wu shown to give satisfactory performance
and acceptable stability.

Inslattd

Excetll:ive lateral deformation relab:d to local failure oceurred at aeveral
locationa in the viciDhy of creeks, ditches and historical exc~.vationa
locatccl within 10m of the embazlkmcat toe.
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